The relationships between CBF in gray and white matter to those of the fast and slow components of xenon-133 clearance curves remain uncertain, CBF was measured in 13 anaesthetized baboons under a variety of conditions, using both the xenon-133 clearance technique and [14Cliodoantipyrine quantitative autoradiography. There was a linear relationship between CBF, as deter mined by the stochastic (height/area) analysis of the clearance curve, and mean CBF determined from the au toradiograms (r = 0.94, p < 0.001, slope = 0.86 ± 0.09). There was also a linear correlation between the fast-flow component (measured with xenon-133) and blood flow in iodo[14C]antipyrine Am J PhysioI234:H59-H66 Wyper DJ. Lennox GA. Rowan JO (1976) Two minute slope in halation technique for cerebral blood flow measurement in man.
The xenon-133 clearance technique is widely used in both humans and laboratory animals to pro vide a measure of CBF (Hoedt-Rassmussen et aI., 1966; Lassen and Ingvar, 1972; Obrist et aI., 1975; Wyper et aI., 1976; Fitch et aI., 1978; Hetz et aI., 1984; Leli et aI., 1985) . A common model of anal ysis of the xenon-133 clearance curves considers the clearances to be the result of the washout of tracer from two parallel compartments. These com partments, which clear at a fast and a slow rate, have been proposed to represent flow in cerebral gray matter and white matter, respectively (Hoedt Rasmussen et aI., 1966; Obrist et aI., 1975) . How ever, this interpretation of the clearance curves re mains controversial (Iliff et aI. , 1974; Marcus et aI., 1981) . In the present study, the relationship be-the cerebral gray matter (measured with r14Cliodoanti pyrine) (r = 0.92, P < 0.001, slope = 0.69 ± 0.15) and between the slow-flow component (with xenon-133) and blood flow in white matter (with [14Cliodoantipyrine) (r = 0.79 , p < O.O\, slope = 0.81 ± 0.10). In the primate brain, the fast-and slow-flow indices therefore appear to be representative of CBF in gray matter and white matter, respectively, whereas the stochastic analysis pro vides a stable measure of mean CBF within the tissue monitored. Key Words: Baboon-Cerebral circulation Fast -flow compartment -Hypotension -[14Cllodoanti pyrine-Slow-flow compartment.
tween regional blood flow and the compartmental flow indices was investigated in the baboon using the excellent spatial resolution of quantitative [14C]iodoantipyrine autoradiography. Such a sys tematic investigation of the correlation between CBF measured with autoradiography and that mea sured with xenon-133 clearance has not been re ported previously in the primate.
METHODS

Animal preparation
The experiments were performed using 13 young, healthy baboons (5-11 kg) prepared in a manner identical to that established in this laboratory (Fitch et a!., 1978) .
Briefly, the animals were sedated with phencyclidine (10 mg/kg i.m.), anaesthetized with sodium thiopental (7.5 mg/kg), intubated, and connected to a positive-pressure ventilator supplied with a mixture of 70% NP and 30% 02' The ventilation was adjusted such that the animal was normocapnic (Pac02 �40 mm Hg) and normoxic (Pao2 � 100 mm Hg). Phencyclidine (0.01-0.02 mg/kg/min) was infused continuously to maintain anaesthesia, arterial blood pressure was monitored, and a normal body tem-perature was maintained (37-38°C). A fine catheter was positioned in the superior sagittal sinus to sample cere bral venous blood and to record the sagittal sinus pres sure continuously. The EEG was recorded from epidural silver-silver chloride ball electrodes positioned bilater ally over the cortex in the posterior frontal region 1 mm from the sagittal suture line; these recordings were used to monitor and control the depth of anaesthesia.
Measurement of CBF
The technical procedures used to measure CBF with the intracarotid xenon-133 injection method in the ba boon have been published in detail previously (Mendelow et aI., 1977; Fitch et aI., 1978) . Briefly, a lead collimated (50-mm diameter) scintillation crystal was placed over the denuded calvarium in the right parietal region. The tracer (xenon-133 dissolved in 0. 5 ml saline) was injected into a catheter placed in the lingual artery, followed by a flushing solution of I ml of isotonic saline at 37°C. The clearance curve was collected for a period of 10 min from the peak after each injection. The xenon-133 clearance curves were analysed using two different models. With the stochastic (height/area) analysis (Hoedt-Rasmussen et aI., 1966) , flow was calculated as the partition coeffi cient multiplied by HIO/AIO' where HIO is the peak count rate, less that at 10 min (the peak count followed a bolus injection flushed in with I ml of saline at 37°C) and A l O is the area under the curve between time 0 and 10 min. To minimize the effect of recirculation, the baseline radioac tivity was allowed to fall to <5% of the previous peak count. The curves were also analysed using a compart mental model that assumes the clearance observed is the result of two separate parallel compartments and can be represented by the sum of two exponential functions. The slope of the components was determined from a semilog plot of the clearance curve, which was used to calculate the fast-and slow-flow indices (Hoedt-Ras mussen et aI., 1966).
Local CBF was measured using quantitative [l4Clio doantipyrine autoradiography (Sakurada et aI., 1978) , and the experiments were conducted in general accor dance with procedures published for the rat (Mendelow et aI., 1984) . Briefly, the solution of tracer ([l4C]iodoanti pyrine, 250 fLCi in 5 ml saline) was infused over 30 s fol lowed by a 5-ml bolus of saturated KCI. Throughout the infusion period, timed arterial blood samples were col lected onto preweighed filter disks from a free-flowing catheter, which had been inserted in the brachial artery. The tracer concentrations in the blood were determined by scintillation counting of the samples. Immediately after death, the brain was rapidly removed via a circular craniotomy, rinsed in saline, and cooled by immersion in isopentane ( -20°C). Two 15-mm-wide coronal blocks of tissue, -15-30 mm anterior to and 5-20 mm posterior to the interaural line, were cut with a brain knife. Within a total of 10 min of cardiac arrest, the blocks were frozen in isopentane (-45°C) to be sectioned in a cryostat at -22°C. Over 80 semiserial sections (20 fLm thick) were exposed to x-ray film for -2 weeks. The mean optical density was measured for each structure (an average of -12 measurements from at least four different autoradio graphic images). The average optical density of four en tire autoradiographic sections was used to determine hemispheric CBF. CBF was calculated using the tracer concentration in the blood and the tracer concentration in the tissue (determined by comparison of mean optical J Cereb Blood Flow Metab. Vol. 6. No.4, 1986 density measurements with those of calibrated standards) (Sakurada et aI., 1978) .
Experimental protocol
CBF was measured under a variety of circumstances to obtain a wide and uniform range of values for comparison of (a) control animals at normotension, (b) animals sub jected to severe haemorrhagic hypotension (MABP) -30 mm Hg), and (c) animals subjected to carotid artery oc clusion plus severe haemorrhagic hypotension (MABP -30 mm Hg). Although several xenon-133 clearance measurements of CBF were made over a period of 5 h throughout the graded reductions in blood pressure, only the flow directly preceding the autoradiographic flow measurement was used for comparison of the two methods. Thus, prior to the final xenon-133 determina tion of CBF, at a stabilized MABP of -30 mm Hg, a sample of arterial blood was taken and analysed for PaCOZ' PaOZ' and pH. Samples of arterial and cerebral venous blood were also taken and analysed for oxygen content. Immediately following the measurement of CBF with xenon-133, CBF was measured bilaterally using [14Cliodoantipyrine autoradiography.
The relationship between the various blood flow in dices was assessed by pooling data measured under all conditions and performing a least-squares linear regres sion analysis between the two techniques. All data are reported as means ± SEM.
RESULTS
Analysis of the autoradiograms obtained with the autoradiographic technique provided measures of blood flow in the cerebral gray matter that could be accurately discriminated from those in subcortical white matter (e. g. , Fig. 1 ). Autoradiographic and xenon-l33 clearance flow indices within the three experimental groups correlated well under all con ditions studied (Table 1) . Hypotension and hypo tension plus carotid artery occlusion produced cor responding reductions of 50-70% in both regional CBF and compartmental flows.
There was a significant correlation (r = 0.94, P < 0.001) between mean CBF in the right hemisphere as determined from the autoradiograms and mean CBF as determined from the stochastic (height/ area) analysis of the clearance curve (Fig. 2) . The slope of the fitted line (0.86 ± 0.09) was not signifi cantly different from 1 (i.e. , x = y), and its y-inter cept ( -2 ± 4) was not significantly different from zero (95% confidence level). Similarly, for the fast flow component, there was a significant linear cor relation (r = 0.79, slope = 0.69 ± 0.15, y-intercept = 9 ± II, P < 0.01) between the fast component and cortical CBF (average of CBF in frontal, an terior cingulate, and parietal cortices). There was also a significant linear correlation (r = 0. 92, slope = 0.81 ± 0.10, y-intercept = 7 ± 2, p < 0.001) between flow determined from the slow-clearing component and flow in subcortical white matter (the corpus callosum).
DISCUSSION
The intracarotid xenon-133 clearance technique permits repeated measurements of CBF in either humans or animals using the external monitoring of a freely diffusible tracer (Hoedt-Rasmussen et aI., 1966; Lassen and Ingvar, 1972; Fitch et aI., 1978; Hetz et aI., 1984) . Similar noninvasive methods have been developed subsequently, and these xenon-133 clearance techniques are still widely used in humans today (Obrist et aI., 1975; Wyper et aI., 1976; Leli et a\., 1985) . However, uncertainty remains concerning the interpretation of the bicom partmental model used in the analysis of most clearance curves (Iliff et aI., 1974; Marcus et aI., 1981) . The present study has, for the first time, used the well-defined spatial resolution of the [14C]iodoantipyrine technique in a nonhuman pri mate model to establish that there is a significant correlation between the CBF indices determined ance of 133Xe was monitored from a detector positioned over the right hemisphere. 133Xe H/A flow index was calculated using a stochastic analysis, and hemispheric CBF was cal culated using the average optical density of autoradio graphic sections obtained from the right hemisphere in the region below the detectors. Fast and slow flows were deter mined by a compartmental analysis of the clearance curves. Gray matter flow (autoradiographic) was an average CBF in the cerebral cortex, and white matter flow corresponded to that in the corpus callosum. A least-squares linear regres sion analysis demonstrated that there was a highly signifi cant linear correlation between the two methods of CBF measurement for all three groups of flow indices.
from the xenon-133 clearance curve and CBF in an atomically selected regions. The stochastic or height/area method of analysis makes relatively few assumptions concerning the washout of xenon-133 from the tissue (Meier and Zierler, 1954) . There is a close correspondence be tween either global CBF measured using the Kety Schmidt method and CBF (stochastic analysis) (lngvar et al., 1965) or hemispheric blood flow measured with radiolabelled microspheres and CBF determined stochastically (Marcus et al., 1981) . However, CBF measurements made with xenon-133 are underestimated at extremely high rates of tissue perfusion probably due to diffusion limitations associated with xenon-133 (Ekloff et aI., 1974; Marcus et aI., 1981) . The present results have verified that there is an excellent correlation be tween CBF measured stochastically and mean CBF measured using [14C]iodoantipyrine autoradiog raphy, supporting the interpretation that the sto chastic analysis provides a measure of mean CBF in the tissue from which the counts are detected.
The clearance curves may also be characterized No.4. 1986 by the sum of two exponential functions with dis tinctly different rate constants and thus may be considered to be the clearance of two independent flow compartments situated in parallel-a fast-flow compartment and a slow-flow compartment. Since the rates of blood flow obtained using this analysis were found to be similar to that of gray and white matter measured with quantitative autoradiography in the cat, and since the relative calculated weights of the compartments were similar to that of gray and white matter measured anatomically in humans, it was proposed that the fast and slow components of the clearance curve represented gray and white matter, respectively (Landau et aI., 1955; Hoedt-Rasmussen and Skinhoj, 1966; Hoedt Rasmussen et aI., 1966; Obrist et aI., 1975) . In the baboon, our data have demonstrated that the fast and slow components of the xenon-133 clearance curve correlate well with flow in gray and white matter, respectively. The relationship was close to linearity in each case, although the xenon-I 33 mea surements tended to be less discriminatory as is re flected by the positive intercepts (9 and 7 for gray and white matter, respectively) and by the slope values of <I (0.69 and 0.81, respectively). This is not surprising since the autoradiographic values for gray and white matter are not contaminated by each other, while the xenon-I 33 values are. Previous investigations using regional techniques other than autoradiography have not been entirely successful in demonstrating the correspondence be tween the compartmental flows and gray and white matter blood flow. Marcus and colleagues (1981) measured CBF with micro spheres over a range of flow rates (e.g., during hypertension or seizures) and found that although there was a significant cor relation between the fast-flow index and cortical CBF, there was an ill-defined relationship between the slow component of the xenon-133 clearance curve and CBF in white matter. Rowan and col leagues (1975) , using the hydrogen clearance tech nique, found that blood flow determined from elec trodes situated in white matter underestimated that of the slow-flow component, although this underes timate was consistent. With the autoradiographic technique used here, the fast-and slow-flow indices reflected both the absolute flow values in the re spective regions (gray and white matter) and their reductions in flow following various experimental manipulations.
An examination of these two methods of analysis of the xenon-I 33 clearance curves indicates that there are several advantages associated with the stochastic model. Although the compartmental analysis distinguishes flow in gray and white matter, It IS subject to variation and errors intro duced by factors such as fluctuations in the back ground counts and the possibility of intercompart mental diffusion as has been reported for the hy drogen clearance method (Pearce and Adams, 1982) . The stochastic analysis avoids the assump tion that the tissue consists of parallel independent flow compartments and tends to be a more stable measure of flow. In addition, the best correlation between the xenon-133 and the autoradiographic techniques was seen with CBF (stochastic) and mean hemispheric CBF (autoradiographic). Thus, the preferred model of analysis in this experimental situation appears to be the stochastic (height/area) analysis, which provides a measure of mean CBF in the region of tissue monitored by the detectors.
